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Abstract

Number concentrations of raindrops with respect to sizes and fall velocities were
measured with a Parsivel precipitation particle disdrometer in a field experiment
conducted during July and August 2007 at a semi-arid continental site located in
Guyuan, Ningxia Province, China (36°N, 106°16'E). Data from both stratiform and
convective clouds are analyzed. Comparison of the observed raindrop size
distributions shows that the increase of convective rain rates arises from the increases
of both drop concentration and drop diameter while the increase of the rain rate in the
stratiform clouds is mainly due to the increase of large drop concentration. Another
striking contrast between the stratiform and convective rains is that the size
distributions from the stratiform (convective) rains tend to narrow (broaden) with
increasing rain rates. Statistical analysis of the distribution pattern shows that the
observed raindrop size distributions from both rain types can be well described
statistically by the Gamma distribution, especially for those of high rain rates.
Examination of the raindrop fall velocity reveals the combined influences of
turbulence and air density. The difference in air density leads to a systematic change
in the drop fall velocity while different turbulent air motions likely cause the large
spread of velocity at a certain raindrop diameter. The turbulence influence is strong
for small drops, but decreases with increasing raindrop diameters.
Key words: raindrop size distributions, raindrop fall velocity, terminal velocity,

Gamma distribution, semi-arid plateau



1. Introduction

As a key component of the hydrologic cycle, precipitation is critical for
understanding the Earth’s climate and predicting climate change as a result of human
activities such as emission of greenhouse gases and aerosol particles into the
atmosphere (Chahine 1992; Entekhabi et al. 1999). Precipitation processes need to be
parameterized in global climate models because these processes occur over scales
smaller than typical model grid sizes. Over the last few decades, increasing effort has
been devoted to improving global satellite remote sensing of precipitation (Tokay
1996) and parameterization of precipitation processes in global climate models
(Rotstayn 1997), and great progress has been made in both areas as a result. Despite
the great progress, precipitation measurements and parameterization still suffer from
large uncertainties, and much remains to be done.

As probably the most fundamental microphysical property of precipitation,
knowledge of the raindrop size distribution (RSD) is essential for further improving
remote sensing and parameterization of precipitation processes. Accurate knowledge
of the RSD is important in telecommunications, precipitation scavenging of aerosol
particles, soil erosion, and understanding precipitation physics as well (Uijlenhoet and
Torres 2006). In particular, recent development in remote sensing techniques permits
long-term retrievals of more RSD parameters and their vertical profiles over large
areas (Bringi et al. 2003; Kirankumar et al. 2008). Such progress enhances our ability

to monitor precipitation and provides powerful tools to investigate rainfall



microphysics, and at the same time, calls for more accurate assumptions regarding the
spectral shape of RSDs. For example, studies have shown that RSDs vary both
spatially and temporally, not only within a climatic regime but also within a specific
rain type (Nzeukou et al. 2004). The wide RSD variability represents a major source
of inaccuracy in rainfall estimation by remote sensing, and this is especially true for
drops smaller than about 1.5 mm because of the limited sensitivity and accuracy of
available remote sensing techniques (Williams et al. 2000). Our understanding of the
RSD variation, esp., with different precipitation types is still far from complete, and
more analyses of in situ measurements under a wide variety of climatic regimes are
needed.

The raindrop fall velocity is an equally important quantity and closely related to the
measurements of RSDs and various integral quantities such as rain rate. It has been
long recognized that rainfall is often associated with various turbulent motions (e.g.,
updrafts and downdrafts) in and below clouds (Battan 1964), and that turbulent flows
can exert substantial influence on the motion of raindrop (Pinsk et al 1996). However,
the effect of turbulent motions on raindrop fall velocity has not been adequately
addressed, and use of the terminal velocity measured in stagnant air (e.g., Gunn and
Kinzer 1949) has been a common practice (Pruppacher and Klett 1998).

These issues regarding RSD and raindrop fall velocity stand out especially with
precipitation over the semi-arid plateau in western China because of the scarcity of
observational sites. To overcome these deficiencies, a field experiment targeting

rainfall in the semi-arid plateau climate was conducted at Guyuan (36°N, 106°16'E),



Ningxia Province, China, to simultaneously measure RSDs and raindrop fall
velocities with a Parsivel disdrometer. This paper examines the measurements
collected during this experiment, with three foci: (1) characteristic
comparison/contrast of the spectral shapes of RSDs from stratiform and convective
rains and their variation with rain rates; (2) the analytical expression for describing
the RSDs; and (3) raindrop fall velocities and the effects of air density and turbulent
motions. The rest of the paper is organized as follows. Section 2 describes the field
experiment. Section 3 presents RSD analyses. Section 4 examines the measurement of
raindrop fall velocities. The major findings are summarized in Section 5.

2. Experiment Description

The field experiment was conducted at Guyuan (36°N, 106°16'E), Ningxia
Province, China (Fig. 1). The site is located in a hilly-gully area of the Loess Plateau
near the upper Yellow River, and falls in the semi-arid temperate continental climatic
regime, with an annual mean temperature of 4.4-7.1°C, annual mean cumulative
rainfall of 478 mm, and mean annual evaporation of 1100-2000 mm.

Continuous measurements were taken from 17 July to 26 August 2007 to cover
the raining season (from early July to late September). RSDs were measured with a
Parsivel precipitation particle disdrometer manufactured by OTT Messtechnik,
Germany. Loffler-Mang and Joss (2000) provided detailed description of this
instrument. Briefly, the Parsivel probe is a laser-based optical disdrometer that can
simultaneously measures both sizes and fall velocities of precipitation particles. The

core element of the instrument is an optical sensor that produces a horizontal sheet of



light (180-mm long, 30-mm wide, and 1-mm high). The particle passing through the
light sheet causes a decrease of signal due to extinction. The amplitude of the signal
deviation is a measure of particle size, and the duration of the signal allows an
estimate of particle fall velocity. Particles with diameters between 0.2 mm and 25 mm
and fall velocities between 0.2 and 20 m s'are detectable by the instrument. The
particle size and velocity are each categorized into 32 size and velocity bins,
respectively, with different bin widths. The instrument was placed about 1.8 m above
the ground. The disdrometer was calibrated daily. The time interval of each RSD
measurement was 10 seconds. A total of 15893 instant RSD samples were collected
from 30 precipitation events. Correction was taken for unrealistically low fall
velocities resulting from sounding noise.
3. Raindrop Size Distributions
a. Comparison of RSDs in stratiform and convective rains

Precipitation is generally considered to be of two distinct types: stratiform and
convective. Identification of RSD features with these two precipitation types is useful
and important for numerous applications, e.g., in calculation of heating profiles, in
development of rainfall retrieval algorithm, in precipitation parameterization for use
in atmospheric models, and in deciphering microphysical processes (Tokay and Short
1996; Tokay et al. 1999; Rotstayn 1997). Generally speaking, vertical air velocities
within clouds exhibit strong distinction between the two types of precipitation, with
stratiform (convective) clouds having weaker (stronger) vertical motions. However,

observations of vertical velocities are rare, and other features have been used to



identify different rain types. For example, stratiform rains are generally more uniform
than convective rains. Existence of the bright band of radar reflectivity is thought to
be associated with stratiform precipitation. Many previous studies have been mainly
concerned with the partition between stratiform and convective periods during
individual tropical rain event, and the appropriate partition approach is still a topic of
hot debate (Atlas et al. 1999)

During this field experiment, we encountered 8 individual cases of stratiform rains
and 21 cases of convective rains based on the radar observations and meteorological
observations at the surface (Table 1), providing us a unique opportunity to examine
the differences between individual events of stratiform and convective rains in a
mid-latitude semi-arid climate. Surface observations of precipitating clouds and
thunder characteristics show that the stratiform rains were often associated with
nimbostratus or altostratus opacus whereas the convective rains are mainly
concomitant with thunder and cumulonimbus capillatus, and cumulus congestus.
Furthermore, about 81% of convective rains (mostly showers) happened in the
afternoon due to local thermal instability. As an example, Figure 2 shows an image of
the Plan Position Indicator (PPI) of a typical convective cell observed at 12:30 local
time (Beijing Time, or BT hereafter) on July 26th, 2007.

Figure 3 compares the RSDs from the stratiform and convective rains obtained by
averaging all the instant RSDs for each rain type sampled during the entire
experimental period. Notably, on average, the convective rain tends to have more

raindrops than the stratiform counterpart across most drop sizes, i.e., 0.8 mm < D <



7.5 mm. But, the stratiform rain has more small raindrops with D < 0.8 mm. The
mean diameters for the stratiform and convective rains averaged over all the events
are 0.52 mm and 0.91 mm, respectively. These values are comparable to those found
by Niu (2002) in the same region. In comparison, much larger mean raindrop
diameters for stratiform rains were observed in Beijing (0.95 mm, Liu et al. 2006) and
Henan (0.76 mm, Hu et al. 2005), both of which belong to the temperate continental
climate. The orographic effect and high evaporation rate may be responsible for the
smaller mean diameter observed at Guyuan. For example, previous studies have
showed that orographic lifting can create a large number of small raindrops by
supplying enough condensates, resulting in RSDs with very small mean diameter
(Rosenfeld and Ulbrich 2003). Furthermore, the convective RSD is much broader
than the stratiform RSD, with the maximum raindrop diameters being 7.5 mm and 3.8
mm for the convective and stratiform rain, respectively.

b. RSD variation with the rain rate

To further discern the difference between the convective and stratiform rains, the
observed RSDs of each rain type are further stratified into 6 or 7 classes according to
their rain rates: R <2 mm h'l, 2<R<4mm h'l, 4 mmh! <R <6mm h'l, 6mmh’ <
R <10 mm h'l, 10 mm h'<R<20 mm h™ 1, 20 mm h' <R < 40 mm h'l, and 40 mm
h™' < R. Figures 4a and b show the averaged RSDs of the different rain rate classes for
the stratiform and convective rains, respectively. For the convective rains, both their
maximum drop diameters and the number concentrations across all the diameter bins

increase when rain rates increase, suggesting that increasing rain rates of the convective



rains arise from the combined increases of the drop concentration and raindrop
diameters. The RSD variation with the rain rate for the stratiform rains is markedly
different from that of the convective rains. The number concentration in the stratiform
rains increases with increasing rain rates only when D > 1.3 mm; for the small drops
with D < 1mm, the concentration decreases significantly with increasing rain rates (R
> 10 mm h'l). Also, unlike the convective rains, no increase in the maximum drop
diameter is detected for the stratiform rains. These results indicate that the increase in
the rain rate of the stratiform rains stems mainly from the increase of the large drop
(D > 1.3 mm) concentration.

The differences between the convective and stratiform RSDs can be further seen
from the relationships of the rain rate to the drop concentration, mean volume
diameter, and relative dispersion of the RSD (defined as the ratio of the standard
deviation to the mean diameter of the raindrop population). As shown in Fig. 5, at the
same rain rate, the convective rains have values of volume-mean diameter and relative
dispersion larger than those of the stratiform rains whereas the stratiform rains tend to
assume relatively higher raindrop concentrations, consistent with what is shown in
Fig.4. Furthermore, for the convective rains, raindrop concentration, mean-volume
diameter and relative dispersion all increases as the rain rate increases. But, for the
stratiform rains, although the volume mean diameter tends to increase with increasing
rain rates, the relative dispersion tends to decreases. This striking distinction between
the stratiform and convective rains will be examined in more detail in next section.

The distinct dependences of volume-mean diameter and relative dispersion on the rain



rate further lead to the difference in the Z-R relationships between the convective and
stratiform rains (Fig. 6).
c. Analytical function for describing RSDs

Over the last few decades, great effort has been devoted to finding the appropriate
analytical expression for describing the RSD because of its wide utilities in many
areas. For example, by analyzing previous measurements, Marshall and Palmer (1948)
proposed the now famous Marshall-Palmer raindrop size distribution

N(D) = N, exp(-AD), (1)

where D is the raindrop diameter, N(D) is the drop concentration per diameter interval,
and N, and A are two empirical parameters. Since then the Marshall-Palmer
distribution has become a milestone assumption in remote sensing of rainfall (Atlas
1973) and precipitation parameterization in atmospheric models (Kessler 1969). Later
studies showed that although the exponential distribution tends to describe
large-sample averaged raindrop size distributions well, instant spectra often deviate
from it, and the Gamma distribution has been proposed as a first order generalization

(Ulbrich 1983; Liu 1992, 1993; Tokay and Short 1996),

N = N,D"* exp(—AD) ’ 2)
where the spectral parameter u is introduced to quantify the deviation of the spectral
shape from the Marshall-Palmer distribution; the Gamma distribution reduces to the
Marshall-Palmer distribution when p equals 0. The Gamma size distribution has

become a new standard assumption to replace the classic Marshall-Palmer distribution

in many applications such as advanced remote sensing of precipitation (Tokay and
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Atlas 1999) and multi-moment parameterization of precipitation (Ferreir et al. 1995).

Most previous studies on analytical RSDs have been based on empirical
curve-fittings to individual measured RSDs. Since RSD are the end results of many
complex processes that they can be considered to be stochastic in nature such as
collision and coalescence (Jaw Leou-Jang 1966), statistical approaches that are
applicable to a large number of individual RSDs are more desirable. Liu (1992)
proposed such a simple statistical method based on the relationship between the
skewness and kurtosis of the RSD to identify the statistical RSD pattern. Liu and Liu
(1994) further applied a similar approach to study aerosol size distributions. Here we
apply this approach to investigate if the statistical pattern of the RSDs follows the
Gamma distribution, and if there are any pattern differences between the stratiform
and convective RSDs.

Briefly, skewness () and kurtosis (K) of a RSD are defined by the following two

equations:
[(D,-Dy’ ( LACHP
S = N 372 ° (3a)
{ j (D, - D)* z(v )dD}
J‘(Di _5)4 Ni(Di)dD
K= N, -3, (3b)

oo 0]

t

where D; is the central diameter of the i-th bin, »; is the number concentration of the
i-th bin, and N, is the total number concentration. For the Gamma distribution given

by Eq. (2), it can be shown that
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S = , (4a)
1+ p

K:L. (4b)
1+ u

Equations (4a) (4b) indicates that S = 2 and K = 6 for the commonly used
Marshall-Palmer distribution with p = 0. With the classical Marshall-Palmer
distribution as a reference, the skewness and kurtosis deviation coefficients (Cs and

Cy ) are introduced such that

SZ
C =—, Sa
= (52)
K
C = e (5b)
It is obvious that for the Gamma distribution, we have
C =C, = b (6)
s k 1+ ﬂ .

In the C,-Cy diagram, each (Cs, Cy) pair represents an individual RSD; the general
Gamma distribution with varying p satisfies the diagonally straight line; the point (1,
1) represents the Marshall-Palmer distribution (Marshall and Palmer 1948) as a
special Gamma function with p=0.

Figures 7 shows the scatter plots of Cs and C; calculated from the observed
RSDs from the stratiform and convective rains. A few points are evident. First, despite
some occasional departures, most of the points from both the convective and
stratiform rains fall near the diagonal straight line of the Gamma distribution,

confirming that the RSD patterns from both types of clouds well follow the Gamma
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distribution statistically, with the correlation coefficients being 90.4% and 94.7% for
the stratiform and convective rains, respectively. Second, the instantaneous pairs of Cj
and C; do not cluster around point (1, 1), suggesting that the Marshal-Palmer
distribution is not suitable for describing most instantaneous RSDs. This finding is
consistent with many previous studies (Liu 1992). Finally, the spectral shape varies
substantially from one RSD to another, and the convective rains tend to have more
RSDs with larger values of Cs and Cy compared to the stratiform rains.

To examine the dependence of the spectral shape on the rain rate, Fig. 8 further
displays the scatter plot of C; and Ci calculated from the RSDs averaged according to
the rain rate classes shown in Fig. 4. Clearly, the rate-stratified RSDs of both rain
types tend to statistically follow the Gamma distribution (C=Cy) as well, which is
especially true when the rain rates are high (R > 6 mm h™"). The remarkable contrast
between the stratiform and convective rains in the variations of (Cs, Ck) with the rain
rate is noteworthy: When the rain rate increases, Cs and Cyx decrease away from the
Marshall-Palmer point (1, 1) for the stratiform rains, but increases toward the
Marshall-Palmer point (1, 1) for the convective rains. This contrast is in general
agreement with that of the variation of the relative dispersion with the rain rate shown
in Fig. 5.

4. Raindrop Fall Velocity
a. General feature
In addition to drop sizes, the Parsivel disdrometer measures drop fall velocities as

well (Loffler-Mang and Joss 2000). Figures 9a and b shows the observed mean
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number concentration as a function of the drop diameter and the fall velocity for the
stratiform and convective rains, respectively. Also shown as a reference (black solid
curve) is the laboratory measurements by Gunn and Kinzer (1949) of the terminal
velocities under the standard atmospheric conditions at sea level (air pressure of 1013
mb, temperature of 20 °C, and relative humidity of 50%). Consistent with the RSDs
shown in Fig.3, raindrops in the stratiform rain concentrate in the range of fall
velocities of 2-4 m s and then decrease sharply with increasing fall velocities while
the raindrops in the convective rain peak at higher velocities (4-6 ms™) and decrease
with increasing velocities much more slowly. Besides these differences, the stratiform
and convective rains share some similarities too. First, on average, the observed drop
fall velocities for both rain types tend to be higher than the corresponding
Gunn-Kinzer terminal velocities obtained under the standard sea-level conditions.
Second, there are large spreads in the drop fall velocities at virtually all the drop
diameters, with the convective rains having an even larger spread than that the
stratiform rains. Similar features have been previously reported in rare studies of in
situ measurements of drop fall velocities (Donnadieu 1980; Hosking and Stow 1991;
Loffler-Mang and Joss 2000). In the next two sub-sections, the physical mechanisms
underlying the large spread in the measured fall velocities, and the systematic
discrepancy between the measured fall velocities and the Gunn-Kinzer terminal
velocities will be examined in detail.
b. Air density effect and systematic discrepancy

The classical Gunn-Kinzer measurement of the drop terminal velocity was

14



conducted under the standard atmospheric conditions at sea level, with the air density
of 1.23 kg m™. However, the air properties at Guyuan during the observational period
are markedly different, with the altitude of 1753 m above sea level, mean pressure of
819.3 hPa, and mean air density of 0.97 kg m™. It is expected that the lower air
density at Guyuan will result in a terminal velocity larger than the corresponding
Gunn-Kinzer terminal velocity, other things being the same (Pruppacher and Klett
1996).

Many studies have been attempted to extrapolate the Gunn-Kinzer measurements
to other atmospheric conditions, and to quantify the effect of air density on the drop
terminal velocity (Battan 1964; Foote and du Toit 1969; Atlas 1973; Beard 1976,
1977). In particular, Mitchell (1996) presented a general, semi-theoretical framework
by coupling the Abraham (1970) conceptual model to the power-law relationship
between the Reynolds number and Best number. The Mitchell formulation not only
accounts for the effect of air density but also is easy to grasp mathematically and
physically. In view of these advantages of the Mitchell formulation, below we apply
this formulation to evaluate the contribution of the air density difference to the
systematic discrepancy between the observed drop fall velocity and the Gunn-Kinner
terminal velocity.

Briefly, the mass and area-dimensional relationships can be described by power
laws such that,

m=aD” , (7)

A=yD7, ®)
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where m, A and D are the mass, area and maximum dimension of the particle
respectively; a, B, v, and ¢ are the empirical parameters depending on particle shapes.

The Reynolds and Best numbers are given by

DV,

R = %, (9a)
2 Dﬂ+2—o’

X = “gpa—Z, (9b)

gy

where g is the gravitational constant, 7 is the air dynamic viscosity, and p, is the air
density. Over a certain range of X, the relationship between Re and X can be
approximated by a power law expression (Knight and Heymstfield 1983; Heymsfield
and Kajikawa 1987)

Re=aX", (10)
where the empirical coefficients a and b depends on the range of X. A combination of

Egs. (9) and (10) leads to the general expression for the terminal velocity

t

oy 20 _ 7o)
V=a771 2b( 7g)bp5 1 pbpr2-o)-1 (11)

Under the assumption that the parameters a, 3, v, and 7 are independent of the air

density or simply a constant, Eq. (11) can be simplified as

b-1
V.=V, [”—J , (12)
Po

where V, represents the terminal velocity in the standard atmosphere at the sea level,
say the Gunn-Kinzer terminal velocity. Equation (12) reveals that the effect of air
density is determined by the value of b. For convenience, Table 2 summaries the

values of b for the two ranges of X applicable to the rain drops encountered during the
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field experiment. The values of b = 0.6 and 0.5 lead to the correction factors of
—0.4 0.5
(&J and [&J for 585 <X <1.56X10°and 1.56X 10° < X < 10°, respectively.

It is interesting to note that these semi-theoretical correction factors are very close to

-0.4
the empirical ones suggested in Foote and du Toit [1969,(p “J ] and Atlas

Po

-0.5
[1973,[’0 ”] ], revealing that these two previous correction factors actually hold
Po

over different ranges of X or drop diameters.

Using Eq. (12) with the proper values of b, air densities and V,, we calculated the
theoretical dependence of the terminal velocity on the drop diameter corrected for the
effect of air density at Guyuan. The result is shown as the red solid curve in Fig. 9. It
is evident that compared to the Gunn-Kinzer terminal velocity, correction for the
effect of air density brings the terminal velocities much closer to the observed drop
fall velocities. The improved agreement suggests that the lower air density at Guyun
is (at least partly) responsible for the systematic discrepancy between the terminal
velocities and the Parsivel-measured drop fall velocities. The difference between the
air densities at Guyuan and at the standard sea level leads to a percent difference of 10
to 12% in the terminal velocity, depending on the value of b (0.6 or 0.4).

c. Turbulence effect and large spread

The difference in air density can explain away (some) systematic deviation of the
Parsivel-measured fall velocity from the Gunn-Kinzer terminal velocity, but it leaves
unresolved the large spread in the measurement of the instant drop fall velocity. It has

been long recognized that complex air motions, esp., updrafts and downdrafts, often
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accompany natural rainfall, leading deviations in the shape, velocity and trajectory of
falling raindrops from those in still air where the dependence of terminal velocity on
raindrop diameter is developed (Kinnel 1976; Donnadieu 1980). For example, in
probably the only existing investigation of the Parsivel-measured drop velocities,
Loffler-Mang and Joss (2000) found similar spreads in their measured relationship
between the drop fall velocity and terminal velocity, and attributed the spread to air
turbulence and instrumental errors. However, the limited previous studies have been
largely qualitative, lacking rigorous investigation. Here we will further the previous
studies to examine this issue of spread and the effect of turbulent motions in a more
quantitative way.

Without loss of generality, the fall velocity (V) of a raindrop measured by the
Parsivel probe can be regarded as a combination of the terminal velocity in still air (V)
and a component resulting from turbulent air motions and/or measurement errors
(Vim):

V=V+V, . (13)
According to Eq. (13), a positive Vy, (e.g., caused by a downdraft) will make the drop
fall faster than the still-air terminal velocity; on the contrary, a negative V., (e.g.,
caused by an updraft) will do just the opposite. It is well known that clouds are areas
of enhanced turbulence and rainfall which are associated with a complex mixture of
upward and downward air motions of various scales. The large spread of the
measurements at both sides of the terminal velocity curves shown in Fig. 9 seems

compatible with the notion of nearly random collections of downdrafts and updrafts
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for the stratiform and convective rains examined. A wider spread for the convective
rains implies stronger vertical motions compared to their stratiform counterparts,
which is consistent with our general understanding of both rain types. The velocity
deviation, which is the difference between the Parsivel-measured fall velocity and the
corresponding terminal velocity, measures the total effect from the other factors,,
AV =V-V=V,. (14)
Furthermore, if all the factors that affect V,,, were completely random, the mean
of Eq. (14) over an ensemble of samples would lead to
(AV)=V -V, =0. (15)
Equation (15) also indicates that a perfect random distribution of V,,, will result in
the average of many instantaneous measurements being equals to the corresponding
terminal velocity corrected for the effect of air density. To examine if Eq. (15) holds
or if there are any systematic differences between the drop fall velocity and the
terminal velocity in addition to that caused by the difference in air density discussed
in Section 4b, Fig. 10 shows the mean velocity deviation against the drop diameter for
the stratiform and convective rains at Guyuan. Obviously, the mean deviation
velocities are positive for small drops with diameters <1.2mm, indicating that the
Parsivel-measured fall velocities are higher than the corresponding terminal
velocities.. The overestimation reaches maximum for small raindrops, decreases
sharply when the drop diameter increases from 0.2 to ~ 1.5 mm. On the contrary, the

mean deviation velocities are negative for large drops.. This negative velocity

deviation could stem from the occurrence of a significant updraft surrounding drops
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over large sizes, extremely in convective rains. More research is necessary to
ascertain this anomaly.

To assess the effect of turbulent motions relative to increasing terminal velocity
with increasing drop diameters, Fig. 11 further shows relative velocity deviation
which is the root-mean-square velocity deviation normalized by the corresponding
terminal velocity. The Parsivel probe can overestimate the terminal velocity by up to
150% for small drops of 0.3 mm diameter; the overestimation then decreases sharply
with increasing drop diameters, to 10% at 1 mm diameter, and stays approximately at
10% level after that. The 10% deviation is comparable to that caused by the different
air density in magnitude, implying that the average effect of turbulent motions is
about two times larger than that of the air density. Still larger effect of turbulent
motions is on the instant Parsivel-measured raindrop fall velocity.

The particularly large mean velocity deviation for small raindrops is noteworthy.
Loffler-Mang and Joss (2000) regarded instrumental limitations such as quantization,
threshold, and drop slashing on the housing as the likely reasons for it. Drop slashing
and subsequent fragmentation was also suggested to produce unrealistically low fall
velocities by Krajewski et al. (2006). On the other hand, Pinsky and Khain (1996)
demonstrated through numerical simulations that wind shear of turbulent flows and
the inertial acceleration of particles in atmospheric turbulence can result in substantial
drop velocity deviations from the air velocity. Furthermore, the result shown in Fig.
12 appears to qualitatively resemble the variation of the relative turbulence-induced

velocity deviation with the drop diameter shown in Fig. 17 of Pinsky and Khain
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(1996). These results qualitatively agree with Pinsky and Khain’s (1996) model
simulation results. Therefore, we cannot totally rule out the possibility of atmospheric
turbulence inducing some fall velocity vertical for small drops. The potential effect of
falling raindrops on turbulent motions adds another layer of complexity to this issue,
and more research is needed to ultimately resolve it.
5. Conclusion

A field experiment was conducted at a site located in the regime of semi-arid
temperate plateau climate. A total of 30 rainfall events were sampled and classified
into 8 stratiform and 21 convective rains. A total of 15893 joint raindrop size and
fall-velocity distributions measured with a Parsivel disdrometer are analyzed to
discern the similarity and difference between stratiform and convective rains, to
determine the statistical pattern of the raindrop size distribution, and to examine the
mechanisms that affect raindrop fall velocities. Comparison of the type-averaged
raindrop size distributions shows that the convective rains have more raindrops with
drop diameters larger than 0.8 mm than the stratiform rains whereas the opposite is
true for raindrops smaller than 0.8 mm. The convective raindrop size distribution is
also broader than the stratiform raindrop size distribution. Further comparison of the
raindrop size distributions stratified according to rain rates reveals that for the
convective rains the increase of rain rate arises from the combined increases of drop
concentration and maximum diameter while for the stratiform rains rain rate increases
are mainly due to the increase of large drop concentration.

It is shown by use of an approach based on the relationship between the deviation
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coefficients of skewness and kurtosis that the instantaneous 10-s raindrop size
distributions from both the convective and stratiform rains can be well described
statistically by the Gamma distribution. Application of the same approach to the
raindrop size distributions averaged according to rain rates further reveals a striking
contrast of the variation of spectral shape with the rain rate between the stratiform and
convective rains: The stratiform and convective raindrop size distributions tend to
narrow and broaden with increasing rate rates, respectively.

Three characteristic features of the Parsivel-measured raindrop fall velocities are
found: (1) on average, the former is systematically larger than the -classical
Gunn-Kinzer terminal velocity obtained at the standard sea-level; (2) there is
substantial spread in the instantaneous Parsivel-measured raindrop fall velocities
across all the raindrop sizes; (3) the spread for the convective rain appears wider than
that for the stratiform rain. The effects of air density and turbulent motions on
raindrop fall velocities are examined rigorously as plausible reasons. It is shown that
the measurement site assumes an air density lower than that of the standard sea level.
By using the Mitchell semi-theoretical formulation for the terminal velocity, a new
expression is derived that accounts for the effect of air density. Application of this
new expression with the air density at the experiment site suggests that the lower air
density results in a terminal velocity about 10% systematically larger than the
Gunn-Kinzer terminal velocity measured at the standard sea level. Correction for this
air density effect moves of the terminal velocity much closer to the mean

Parsivel-measured raindrop fall velocity. Theoretical analysis shows that the spread of
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the mean measured drop velocities are likely associated with nearly random mixture
of updrafts and downdrafts, and that the larger spread for the convective rain arises
likely from strong fluctuations of vertical motions. Analysis of the dependence of the
relative velocity deviation on the raindrop diameter further suggests that the Parsivel
probe can overestimate the terminal velocity by up to 150% for small drops of 0.3 mm
diameter; the overestimation then decreases sharply with increasing drop diameters, to
10% at 1 mm diameter, and stays approximately at 10% level after that. Evaluation of
the relative contributions to the drop fall velocity indicates that the average effect of
turbulent motions is about two times larger than that of the air density, and turbulent
motions are likely the main reason for the large spread in the instant

Parsivel-measured raindrop fall velocity.
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Figure Captions

Fig. 1. Geographic illustration of the experiment site and its surroundings. The white
curve encircles the Ningxia Province.

Fig.2. PPI displays of velocity (a) and intensity (b) of radar echoes observed in
Guyuan (marked with a dot and Chinese) at 1230 BJT on July 26™, 2007.

Fig. 3. Average raindrop size distributions for the stratiform and convective rains
from the entire dataset.

Fig. 4. Raindrop size distributions averaged according to different rain rates for the
stratiform (a) convective (b) rains.

Fig.5. Relationship to the rain rate of the drop concentration (red and left axis,
volume-mean diameter (blue and first right axis), and relative dispersion (green and
second right axis) for the stratiform (solid dots) and convective rains (crosses).

Fig. 6. Relationship between the radar reflectivity and rain rate for the stratiform
(solid dots) and convective rains (crosses). The equations are the curve-fitting results.

Fig. 7. C,-C; scatter plot of the instantaneous raindrop size distributions for the
stratiform rain (black solid dots) and convective rain (red crosses). Each point
represents one 10-s observed raindrop size distributions. The straight line presents the
C,-Cy relation of the gamma function.

Fig. 8. C-C; scatter plot for the raindrop size distributions averaged according to
different rain rates. The red and black colors denote the convective and stratiform
rains, respectively; the circle sizes reflect the rain rates, with a smaller circle
corresponding to a lower rain rate.

Fig. 9. Number concentration distribution (color shadings) as a function of the drop
diameter and raindrop fall velocity for the stratiform rains (a) and convective rains (b)
The black curve (V)) in each panel shows the empirical relationship between diameter
and velocity of Atlas (1973) after the measurements from Gunn and Kinzer (1949):
v=9.65-10.3¢""%". The blue curves are the simulation of Mitchell’s terminal velocity
considering the air density effect in Guyuan. The red curves are the simulation of
Beard’s (1976) terminal velocity considering the air density effect in Guyuan.

Fig. 10. Dependence of the mean velocity deviation on the raindrop diameter for the
stratiform (solid circle) and convective (crosses) rains.

Fig. 11. Dependence of the relative mean velocity deviation on the raindrop diameter
for the stratiform (solid circle) and convective (crosses) rains.
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Table 1. Summary of observed rainfall events
H is the cumulative rainfall measured by surface station; C and S refer to
convective and stratiform precipitation, respectively.

BEvents Number of H Rain R |
samples (mm) type (mmh™")
17 Jul a 356 o C 6.16
17 Jul b 1527 c 4.93
18 Jula 197 S 0.90
18 Jul b 100 03 s 0.47
19 Jul 2116 4.1 S 0.94
20 Jul 2956 5.6 S 0.87
21 Jul 217 0.6 c 1.49
22 Jul 29 0.0 c 1.28
24 Jul a 27 c 1.15
0.4
24 Jul b 76 c 1.83
26 Jul a 140 c 1.07
26 Jul b 45 h c 7.69
27 Jul a 425 c 1.80
27 Julb 64 2 c 0.29
29 Jul 95 0.2 c 0.91
31 Jula 35 c 0.33
31 Julb 14 00 c 0.45
3 Aug 45 0.7 c 3.89
4 Aug 286 12 c 1.79
5 Aug 7 0.0 c 1.83
6 Auga 109 o c 23.30
6 Augb 16 c 0.34
8 Aug 1979 16.7 c 3.62
9 Aug 64 0.7 s 0.06
12 Aug 74 1.4 c 9.83
25 Aug 644 11.9 c 7.90
26 Auga 375 s 0.63
26 Aug b 3863 8.4 s 0.85
26 Aug ¢ 14 s 0.18




Table 2. Summary of terminal velocity expressions.

b is the empirical coefficients b of power law of Re and X. p, is the air density. p,

is the air density at the standard sea level. X is the Best numbers.

Terminal Velocity (Vy) b Best Numbers (X)
0.638-1
V, =(9.65-10.3¢"") *(&J 0.638 585 <X <1.56 *10°
Po
0.499-1
Vv = (9.65-10.3e'°'6D)*(%J 0.499 1.56 *10°< X <10®
0
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